Metal ion interactios with phosphoenolpyruvate carboxylase from the CAM plant Cramud argextea and the C. plant Zea mays were kinetially analyzed. Fe2+ and Cd2+ were found to be active metal cofactors along with the previously known active metals Mg+, Mn2, and Co2+. In studies with the Crmsula enzyme, Mg2+ yielded the highest V.,:
which may govern their interactions with the enzyme, we have tested the kinetic effects of a variety of divalent metal ions on the PEP carboxylase of C. argentea. Two previously unknown metal ion activators of this enzyme, Fe2" and Cd24, were found in the course of this study. Kinetic constants of activation or inhibition were determined for each metal ion tested. The effect of metal ion type on the kinetics of PEP utilization was also analyzed. Finally, kinetic properties relating to metal ion utilization were examined with PEP carboxylase from Z. mays in order to compare the kinetic characteristic of the C4 and CAM enzymes.
MATERIALS AND METHODS
Chemicals. PEP (trisodium salt), NADH, EDTA, 2-mercaptoethanol, Tris, polyvinyl pyrrolidone (average mol wt 40,000), Triton X-100, PEG (average mol wt 6,000), and diphenyl thiocarbazone were purchased from Sigma Chemical Co. Hepes, DTT, and malate dehydrogenase were purchased from Boehringer Mannheim Biochemicals. MgCl2 was obtained from Mal- linckrodt Chemical Works. CaCl2, CuCl2, and CdCl2 were purchased from Baker Chemical Co. CoCl2 was obtained from Allied Chemical. MnCl2 and SrCl2 were purchased from Matheson Coleman and Bell. BeSO4, FeSO4, BaC12, ZnCl2, NiCl2, and ascorbic acid were purchased from Aldrich Chemical Co. DEAEcellulose (microgranular DE 52) was purchased from Whatman Chemical Co. All chemicals were used without further purification except MgCl2, MnCl2, and CaCl2 which were purified using the method described by Morrison (1 1) to eliminate trace levels of contamination by heavy-metal ions. Fe24 solutions were freshly prepared each day by dissolving the FeSO4 in a solution containing a 5-fold excess of ascorbic acid titrated to pH 4.0 and purged of 02 by flushing with nitrogen gas for 3 min.
Plant Materials. Crassula argentea was grown in a field plot where it was watered once a week and fertilized once a month. Mature leaves were harvested in the morning. (about 8:00 AM).
Enzyme Purification. Leaves of C. argentea were washed and sliced into thin sections before being homogenized in 40 g batches at 4C for 15 s in a Brinkmann homogenizer containing 100 ml of extraction buffer (100 mM Hepes, pH 8.5; containing 5 mM cysteine, 1 mM EDTA, 1% Triton X-100, 2% polyvinyl pyrrolidone). The homogenizer was equipped with a PTA 20TS generator and was used on a power setting of 7. The homogenate was filtered through cheese cloth and the pH was adjusted to 7.5.
The crude homogenate was then centrifuged at 10,000g for 30 min. The supernatant was then fractionated by sequential addition of PEG in 4% (w/v) increments. At each step solid PEG was added slowly with stirring and the resulting precipitate was collected by centrifugation at 1 3,000g for 30 min. PEP carboxylase was precipitated by 12% PEG and the pellet was dissolved in a minimal volume of resuspension medium (50 mm Hepes, pH 7.5; with 1 mM EDTA and 1 mM DTT). Inhibition constants were determined from replots of the KKma)l V,.,(,pp) and 1/V,,(,,p) versus inhibitor concentration (2 PEP saturation curves were performed with each of the active metal ions and the results of these studies are summarized in Table II . K,*(PEP) varied by less than 6-fold, with Mg2+ yielding the highest value. The PEP saturation curves tended to show more kinetic cooperativity, as indicated by higher n values, than was observed in the metal saturation series.
Metal Ion Inhibitors. All ofthe remaining ions tested inhibited the enzyme to some extent. Ca2+, Sr2+, Ba2+, and Ni2+ were competitive inhibitors with respect to Mg2+, with Sr24 and Ba24 generating linear replots of K,*,,ap)/ Vm(.) versus inhibitor concentration for Ki estimations. However, these replots were parabolic for both Ca2+ (Fig. IA) and Ni24 (not shown). The nonlinearity of the replots suggested more than one inhibitor binding site and precluded the determination of the Ki by the usual method (15) . Consequently, the Ki was obtained by plotting the apparent K&, determined at each inhibitor concentration using Comparison of the CAM and C4 Enzyme. Because of apparent differences in the kinetic behavior of the C. argentea enzyme and the enzyme from C4 plant Z. mays (14) , we analyzed the metal activation kinetics ofthe maize enzyme with the same five active metals (Table IV) 
